Background: The effects of nobiletin, a plant-derived flavonoid was examined against pentylenetetrazole (PTZ)-induced seizures. The study also aimed to assess whether nobiletin potentiated the effects of antiepileptic drug clonazepam (CZP). Methods: PTZ (92 mg/kg, subcutaneous) was used to induce seizures in mice. Treatment groups (n = 18/group) received nobiletin (12.5, 25, or 50 mg/kg) via oral gavage for 6 consecutive days and 45 min prior to PTZ injection. CZP (0.015-2.0 mg/kg) was administered 15 min prior to PTZ. Skeletal muscle strength was assessed by measuring grip strength and Chimney test was performed to study the motor performance in animals. TUNEL assay was done to study neuro-apoptosis. RT-PCR and Western blot analysis were performed for assessment of mRNA and protein expressions. Results: Nobiletin and CZP improved muscle strength and motor coordination and reduced seizure severity significantly. The administration of nobiletin and CZP, individually or in combination, downregulated seizure-induced increases in apoptotic cell count and apoptotic protein expression, modulated the expression of gamma-aminobutyric acid (GABA)A and glutamate decarboxylase 65 and restored the glutamate/GABA balance. Nobiletin and CZP administration significantly upregulated phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) signaling. Conclusion: Nobiletin exerted protective effect against seizures by regulating signaling pathways associated with epileptogenesis and potentiated the effects of CZP.
Introduction
Epilepsy is a prevalent neurological disorder characterized by recurrent unprovoked seizures [1] . The seizures are resistant to currently available antiepileptic drugs (AEDs) in around 30% of patients [2] . There is a demand for novel therapeutic agents and more effective treatment approaches, such as concurrent administration of two or more AEDs [3, 4] . There is accumulating evidence of conventional AED side effects, including cognitive dysfunction, recurrent seizures, and psychiatric problems [5] . Therefore, the development of drugs with great antiepileptic potential and negligible or no side effects is crucial for the treatment of channel blocker on gamma-aminobutyric acid (GABA) A receptors, is a widely used experimental model for epilepsy [6, 7] . GABA, the primary inhibitory neurotransmitter, and its receptors mediate inhibitory neurotransmission and prevent neuronal overexcitation [8] . Glutamic acid decarboxylase 65 (GAD65) catalyzes the conversion of glutamate to GABA through decarboxylation [9] . The expression of GAD and GABA receptors is closely associated with epileptic conditions [10] [11] [12] [13] . Brain-derived neurotrophic factor (BDNF), upon binding to the tropomyosin receptor kinase B (TrkB) receptor, activates several downstream protein kinases that, in turn, activate target proteins that stimulate the presynaptic release of mediators or modify postsynaptic receptors, including GABA A [14, 15] . Furthermore, BDNF regulates phosphatidylinositol 3-kinase (PI3K)/ Akt signaling [16] , which is crucial for synaptic plasticity, and plays a key role in learning and memory formation [17, 18] .
Clonazepam (CZP), a widely used AED [19, 20] , affects GABA function and exerts anticonvulsant effects. CZP binding to the benzodiazepine site of GABA A receptors increases Cl − influx in neurons, which inhibits synaptic transmission [21] . However, the usefulness of CZP as a standard treatment for epilepsy is limited by its potential side effects, including sedation and resistance related to long-term drug use [19] . Recent research has focused on the antiepileptic effects of plant-derived compounds [22, 23] . Nobiletin, a flavonoid found in citrus peels, reportedly possesses several bioactive properties, including anticancer [24, 25] , anti-inflammatory [26] , and neuroprotective activities [27, 28] . We investigated the antiepileptic effect of nobiletin administered alone and in combination with CZP following PTZ-induced seizures in mice. [29] .
Materials and Methods

Reagents and chemicals
Seizure induction
The mice were randomly divided into 9 groups (n = 18/group 
PTZ-induced clonic seizures
Following the administration of PTZ, the animals were observed for 30 min and scored for seizure activity. Clonic seizures were defined as clonus of the whole body lasting for more than 3 s with loss of the righting reflex.
The seizures were scored as: (1) 
Grip strength assessment
The effects of nobiletin (50 mg/kg) administered alone or in combination with CZP on skeletal muscle strength were assessed using the grip strength test as described by Meyer et al.
[34] with minor modifications. The test was conducted 15-20 min after CZP administration.
The apparatus consisted of a wire grid (8 × 8 cm) connected to an isometric force transducer.
Mice were lifted by the tail so they could grasp the grid with their forepaws, then they were gently pulled backwards by the tail until they lost their grip on the grid and were released.
The maximum grip force exerted by each mouse before losing its grip was recorded.
Muscle strength was expressed in newtons (N).
Chimney test
We used the chimney test to assess motor performance following the administration of PTZ [35] . The animals were forced to climb backwards up a 30-cm-long plastic tube with a 3-cm inner diameter. Motor impairment was defined as the inability to climb backwards within 60 s.
Measurement of neuronal apoptosis
We assessed the effect of nobiletin (50 were viewed and assessed using NIS-Elements BR imaging processing and analysis software (Nikon Corporation, Tokyo, Japan).
Assessment of brain GABA and glutamate levels after PTZ administration
The mice were sacrificed following the administration of PTZ. Brain tissue was immediately isolated, weighed, and homogenized (0.1 M PBS (phosphate-buffered saline)) and GABA and glutamate (Glu) content in the tissues was measured using highperformance liquid chromatography with reference standards [37] .
Real-time polymerase chain reaction (RT-PCR)
RT-PCR analysis was performed to assess the effect of nobiletin on BDNF and TrkB mRNA expression. Total RNA was extracted using 
Western blot analysis of expression levels
Western The immunoreactive bands were detected and analyzed using an enhanced chemiluminescence method (GE Healthcare, Piscataway, NJ, USA).
Statistical analysis
Statistical tests were conducted using the Statistical Package for the Social Sciences (SPSS) version 22.0 (SPSS Inc., Chicago, IL, USA). The data were subjected to multiple group comparisons using a one-way analysis of variance (ANOVA) followed by Duncan's multiple range test. P-values < 0.05 were deemed to indicate statistical significance.
Results
Nobiletin and CZP reduced PTZinduced seizure scores 
Nobiletin significantly reduced neurodegeneration and apoptosis
The 
Nobiletin regulated BDNFTrkB signaling following PTZ administration
The BDNF-TrkB signaling pathway is crucial for epileptogenesis [38, 39] . BDNF potentiates glutamatergic neurotransmission and inhibits
GABAergic transmission [40, 41] . The PZT- 
Effects of nobiletin on GAD65 and GABAA expression
The expression of GAD65 and GABA A was suppressed in mice injected with PTZ compared with normal controls (Figure 6a, b) . Nobiletin upregulated GAD65 and GABA A expression significantly (p < 0.05). CZP administered alone slightly increased the levels of GAD65
and GABA A expression; however, the effect was enhanced by combined CZP and nobiletin treatment, confirming the antiepileptic potential of nobiletin.
Nobiletin regulation of Glu/GABA levels
The brain Glu/GABA balance plays a critical role in epileptogenesis [11, 13] . Nobiletin markedly increased GABA levels and significantly decreased Glu levels (p < 0.05), thereby normalizing the Glu/GABA ratio ( Figure 7 ).
CZP increased GABA levels slightly; however, combined nobiletin and CZP treatment enhanced the effect of CZP alone.
Effect of nobiletin and CZP on PI3K/Akt signaling following PTZ administration
The PI3K/Akt pathway is expressed widely in developing brain cells and plays a major role in neuronal cell survival [42] . PTZ significantly The BDNF-TrkB signaling pathway plays an important role in epilepsy [15, 51] .
Epileptogenic insult induces BDNF synthesis and activates TrkB receptors [15, 52] . We The balance between excitatory and inhibitory neurotransmitters has a critical effect on epileptogenesis [54] . PTZ disturbs the Glu/GABA balance by increasing Glu and decreasing GABA levels. Combined nobiletin/CZP treatment restored the Glu/ GABA balance by increasing GABA levels and markedly lowering Glu levels. Nobiletin increased the protein expression of GAD65, the rate-limiting enzyme in GABA synthesis [13, 37] , and GABA A . Recent studies have suggested GAD65 and GABA A , the primary GABA receptor, as targets for novel AEDs [11, 13, 54] . The ability to restore the Glu/GABA balance and increase the expression of GAD65
and GABA A suggests that nobiletin has potent antiepileptic activity. BDNF has been shown to simultaneously potentiate glutamatergic and inhibit GABAergic neurotransmission [15, 55] 
